online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 105(8): 981-987, December 2010 Malaria is one of the major public health problems in India and it is an obstacle to the development of the nation (Sharma et al. 2006) . The state of Orissa, which has 4% of the total population of India, accounts for 47% of Plasmodium falciparum cases and 34% of all reported deaths due to malaria in the country (Sharma et al. 2006) . In India, the primary rural vector of malaria is Anopheles culicifacies (Ghosh et al. 2008) and Anopheles fluviatilis is the important vector in the hills and foothills (Sharma et al. 1995) . Both An. culicifacies and An. fluviatilis are major vectors in Orissa and they exist as species complexes. An. culicifacies s.l. is a complex of five (A, B, C, D and E) species (Goswami et al. 2006) , whereas An. fluviatilis s.l. is a complex of three (S, T and U) species and a form V (Nanda et al. 2000 , Manguin et al. 2008 . Recent developments in vector biology have revealed that the vectorial capacity and competence of each sibling species is different, including their behavioral characteristics, breeding habitats, host specificity and susceptibility to malarial parasites and insecticides (Ghosh et al. 2008 , Barik et al. 2009 ). Differences in the vectorial capacities and distribution patterns among sibling species are responsible for the wide variation in the endemicity of malaria in an area. Though a few reports regarding the species distribution in specific pockets of Orissa are available (Gunasekaran et al. 1989 , Sahu et al. 1990 , Sharma et al. 2006 , no systematic study has been carried out on the characterization, distribution and vectorial capacity of the species complexes. With this background, the present study was undertaken in eight endemic districts of Orissa to find the distribution patterns of the species complexes of An. culicifacies and An. fluviatilis and their vectorial capacities.
SUBJECTS, MATERIALS AND METHODS
Geophysical location of Orissa -Orissa is located between latitude 17º49' and 22º34' N and longitude 81º30' and 87º30' E along the shores of the Bay of Bengal on the east coast of India (Ranjit 2006) . The study area included six forested districts, i.e., districts with > 30% forest area (Keonjhar, Angul, Dhenkanal, Ganjam, Nayagarh and Khurda) and two non-forested coastal districts (Puri and Jagatsingpur). Although Ganjam, Nayagarh and Khurda fall under the category of coastal belt due to their geographical locations, they have comparatively thick vegetation in most areas and are therefore categorized as forested districts.
Epidemiological data -The epidemiology of malaria was evaluated from the data collected by the State Government by considering the following parameters: number of blood slides collected, blood slides examined, slide positivity rate (SPR), slide P. falciparum rate and P. falciparum percentage.
Mosquito collection -Resting indoor mosquitoes were collected from human dwellings in the morning between 6-9 am with the help of mechanical aspirators and CDC light traps. Attempts were made to collect the An. fluviatilis specimen based on its behavioral biting habits. Random samples were collected over a period of two years (June 2007 -May 2009 at two-month intervals to include all seasons and areas of the represented districts. Species identification was done based on the taxonomic keys of Christophers (1933) . All the entomological data were recorded for the calculation of different entomological indices. The perman hour density (PMHD) of all the collected anopheline species was calculated as the number of mosquitoes perman per-hour. An. culicifacies and An. fluviatilis were separated and each mosquito was dissected into two parts: the head-thorax and the abdomen. Head-thorax regions were kept separately in isopropyl alcohol for the identification of sibling species by an allele-specific polymerase chain reaction (ASPCR) assay. The abdomens of the blood-fed samples were subjected to multiplex PCR for the detection of the human blood index and P. falciparum sporozoites. Collins et al. (1987) . Morphologically identified An. culicifacies specimens were first assayed by the D3-PCR assay using primers from the D3 region of 28S rRNA, which distinguishes the five species into two categories: A/D and B/C/E (Singh et al. 2004b ). The specimens identified as belonging to the species A/D category in the D3-PCR assay were subjected to the AD-PCR assay to differentiate species A-D. The samples identified as belonging to the species B/C/E category were subjected to the BCE-multiplex PCR assay to differentiate species B, C, and E from each other using targeted primers for the mitochondrial COII gene (Goswami et al. 2006) . The expected fragment sizes in the AD-PCR assay were as follows: species A, 359 bp; species D, 166 + 359 bp (Fig.  1A) . Those for the BCE-PCR assay are as follows: species B, 248 bp; species C, 95 + 248 bp; species E, 178 + 248 bp (Fig. 1B) . Similarly, an ASPCR assay was done to identify the sibling complex of An. fluviatilis following the protocol of Singh et al. (2004a) , yielding an S-specific band of 295 bp and a T-specific band of 128 bp, while U did not have any of these products. All three species had a common amplicon of 375 bp (Fig. 1C) .
Blood meal identification and sporozoite detectionHuman blood meal identification and sporozoite detection (Fig. 2) were done using a multiplex PCR method (Mohanty et al. 2007 ). Samples positive for human blood (the presence of human DNA) gave PCR fragments of 519 bp and samples containing human blood with P. falciparum sporozoites gave fragments of 205 bp (the presence of P. falciparum DNA) and 519 bp (the presence of human DNA). The number of identified human blood meals was recorded to calculate the anthropophilic index (AI), i.e., the percentage of vector species positive for human blood, while the recorded presence of P. falciparum sporozoites was used to calculate the sporozoite rate (SR) (the percentage of sporozoites found in samples positive for human blood). Table I . In all the districts, An. subpictus was found to be predominant, followed by An. vagus. The PMHD of An. culicifacies s.l. was found to vary from 2.5 in Jagatsingpur to 7.8 in Nayagarh, whereas that of An. fluviatilis ranged from 0.5 in Dhenkanal to a maximum of 2.1 in Keonjhar. Apart from these two major vectors, An. annularis, which is known to be a local vector, was also found in this study. Its density ranged from 1.3-4.1. The densities of An. aconitus, An. barbirostris, An. hyrcanus, An. subpictus, An. vagus and An. varuna showed a wide range of PMHDs in the different study districts (Table I) .
RESULTS
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Sibling species percentage, AI and SR of An. culicifacies s.l. -The molecular identification of An. culicifacies s.l. showed the presence of four sibling species: A, B, C and D of An. culicifacies s.l. (Fig. 1A, B ). An. culicifacies D was reported for the first time in Orissa. The highest prevalences of An. culicifacies A and D were seen in the district of Ganjam (8.41% and 5.94%, respectively). The Khurda district showed the predominance of species B (76.92%), while species C was found to be more prevalent in the district of Angul (33.65%) ( Table II) . The AI values for all the sibling species of the complex (A, B, C and D) were found to vary from 0.5-4.8% (Table II) . An. culicifacies A was found to be more anthropophilic (4.08% overall AI) than the other three species. The overall AI values of B, C and D are 1.11%, 1% and 1.11%, respectively. Except for B, the other three species (A, C and D) showed SRs. The overall SRs of A, C and D were 0.52%, 0.33% and 0.43%, respectively.
Sibling species percentage, AI and SR of An. fluviatilis s.l. -The sibling species composition identified by ASPCR (Fig. 1C) of An. fluviatilis s.l. showed the presence of S and T, whereas species U and form V were not reported in the present study. A higher prevalence of An. fluviatilis S was found over T in all the forested districts, including Angul, Nayagargh, Dhenkanal, Keonjhar, Khurda and Ganjam (Table III) . The AI of An. fluviatilis S ranged from 60.7% in Ganjam to 90.4% in Angul. The SR of An. fluviatilis S was at a minimum for Ganjam and Nayagarh (1.2%), was followed by Khurda (1.4%) and then Dhenkanal and Angul (1.78%) and recorded a maxi- mum for the district of Keonjhar (2.32%) ( Table III) . The other two non-forested coastal districts, Jagatsingpur and Puri, showed an absence of An. fluviatilis S.
Malaria incidence in the different study districtsThe SPR showed a wide range of variation (0.84-16.13%) among the studied districts (Table IV) . The districts were divided into two categories based on the SPRs: (i) districts with > 5% SPR and (ii) districts with < 5% SPR. High SPR rates (> 10) were observed in the Dhenkanal, Angul and Keonjhar (16.13%, 15.28% and 14.49%, respectively). The malaria prevalence was found to be moderate (> 5%-< 10%) in the Khurda, Nayagarh and Ganjam (5.92%, 7.19% and 9.41%, respectively). The forest coverage was more than 30% in all of the above six districts. Coastal districts, including Puri and Jagasingpur, showed lower malaria prevalences of 0.84% and 0.99%, respectively (Table IV) .
DISCUSSION
The transmission of malaria is governed by local and focal factors leading to vector(s) abundance under favorable conditions (Ghosh et al. 2008) . Our study revealed the presence of nine anopheline species, with a predominance of the An. subpictus species followed by An. vagus and An. culicifacies, in all the studied districts of Orissa. In fact, a previous report by our group on the district of Angul showed An. subpictus to be the most prevalent (29%) anopheline species, followed by, in order of prevalence, An. vagus (19.7%) > An. culicifacies and An. varuna (11.6%) > An. annularis (9.92%) > An. fluviatilis (8.4%) > Anopheles nigerrimus (4.9%) (Kumari et al. 2009 ). Tiwari et al. (1994) reported 10 anopheline species, with a predominance of An. subpictus followed by An. culicifacies and An. annularis, in the district of Allahabad (the basin of the Ganges River) of Uttar Pradesh, in northern India. The Anopheles pallidus and Anopheles tessellatus found in this northern state are not reported in the eastern coastal area surveyed in this study. Kulkarni (1987) also observed An. subpictus to be the most abundant species, along with the An. hyrcanus group, in the district of Bastar of Madhya Pradesh, in central India. The primary vectors An. culicifacies and An. fluviatilis constituted 15.8% and 2.6%, respectively, of our collection, which did not corroborate the findings of Sharma et al. (2006) in the district of Sundargarh, Orissa. In their study, An. culicifacies and An. fluviatilis constituted 34.9% and 29.2%, respectively, of the total collection. This discrepancy might be explained by considering that a district located entirely in the northern plateau would have a completely different habitat than the areas covered in the present study, which mostly included the coastal belt.
Four (A, B, C and D) out of the five sibling species (A, B, C, D and E) of An. culicifacies s.l. were prevalent in our study areas. The prevalence percentages of the An. culicifacies sibling species A, B, C and D in the state ranged from 4.2-8. 41%, 54.96-76.92%, 23.08-33 .65% and 1.85-5.94%, respectively. A study by Nanda et al. (1996) in northern Orissa found the sibling species com- position of An. culicifacies s.l. to be 27.96% B, 71.1% C and 0.94% B/C heterozygotes in the forested villages, whereas the non-forested villages having riverine ecosystems reported 0.48%, 21.1%, 77.94% and 0.48% of A, B, C and B/C heterozygotes, respectively, confirming the dominance of species C in that area. The dominance of species C was also observed in Karnataka, India, by Ghosh et al. (2005) and in Madhya Pradesh by Sharma et al. (2006) . We found that in five districts (namely, Nayagarh, Dhenkanal, Keonjhar, Ganjam and Angul), the sibling species A, B and C of An. culicifacies s.l. were sympatric, whereas in Dhenkanal, Keonjhar, Ganjam and Angul, the A, B, C and D species were sympatric. On the other hand, B and C were sympatric in all eight of the districts. Nevertheless, species B is reported to be either without association, as in the northeastern parts of India, or in sympatric association with one or more of the other species (Subbarao 1998 , Barik et al. 2009 ). In northern and southern India, species A and B are sympatric, whereas species B and C are sympatric in the western and eastern regions (Subbarao et al. 1999) ; species D has been found to be sympatric with species A and B in the northwestern region and with species A, B and C in central India (Subbarao 1984 , Barik et al. 2009 ), which is similar to our findings. Like An. culicifacies s.l., An. fluviatilis s.l. also showed variation in its distribution pattern. Out of the three sibling species of An. fluviatilis s.l., only two (S and T) were found in the six studied forested districts and they were absent in the two coastal non-forested districts. In our study, S was predominant (overall incidence 84.3%). This finding corroborates the previous reports by Gunasekaran et al. (1989) for the district of Koraput and Nanda et al. (1996) for the district of Sundargarh.
An. culicifacies s.l. and An. fluviatilis s.l. were prevalent throughout the year in some areas, especially from July-November, whereas very negligible densities were recorded in the month of April and rose to maximums during the irrigation season. The marked upward trend in July and August was entirely due to a significant increase in the number of available breeding places and has been shown to have a positive correlation with malaria incidence (Subbarao et al. 1988 , Sharma et al. 2006 , Barik et al. 2009 ).
The AI is one of the important parameters to give the actual frequency of human-mosquito contact and thus measures the transmission probability. The blood-feeding behavior of anopheline mosquitoes has been studied for the estimation of vectorial capacity and other epidemiological purposes (Parida et al. 2006) . The ability of an Anopheles species to feed on human blood is generally defined as anthropophily and represents the success of a species and its capacity to transmit malaria (Ghosh et al. 2008) . In this study, the overall AI of An. culicifacies s.l. was 1.83%. A wide variation in the AI of An. culicifacies has been observed in different parts of India, such as 1.9% in Pune in Maharastra, 2.5% in the districts of Puttukkottai and Tanjavur of Tamil Nadu, 10.1% in Visakhapatnam in Andhra Pradesh, 25.9% in the Jeypore hills, 12.9% in the Singbhum hills in east central India, 3.2% in Nadiad in Gujarat (overall, 1.9% in the state of Gujarat), 12.5% in Haryana and Himachal Pradesh and 3.9% in Shahjahanpur in Uttar Pradesh (Parida et al. 2006 ). In our study, the AI was 78.13% for An. fluviatilis (S). An AI of 78.9% for An. fluviatilis was also reported by Parida et al. (2006) . Our study revealed the overall AI of An. culicifacies to be 4.08%, 1.11%, 1% and 1.11% for A, B, C and D, respectively. The above observations suggest that both An. culicifacies s.l. and An. fluviatilis s.l. exhibit different host preferences in different ecosystems.
The present study revealed that the SR of An. culicifacies varied between 0.49-0.54 for A, 0.28-0.37 for C and 0.41-0.46% for D, while B lacked any detectable sporozoite. The cumulative SRs for species A, C and D were reported to be 0.51%, 0.3% and 0.4%, respectively (Subbarao & Sharma 1997 ). An. culicifacies A has been established as the primary vector of malaria in Arabia (Akoh et al. 1984) . The SR of An. fluviatilis S ranged from 1.2-2.32% in the present study. In Madhya Pradesh, a low rate of infection (i.e., 2.08 for gut and 1.2 for gland) was responsible for maintaining malaria transmission and endemicity by this species (Sharma et al. 1995 ) and a very high SR ranging from 13-37% had also been reported for the states of Karnataka, Kerala and Uttar Pradesh. Subbarao et al. (1988) reported the presence of both A and B of An. culicifacies s.l. However, the authors reported the predominance of species A in areas with high malaria prevalence (6-50%) and species B in areas with low malaria incidence in Uttar Pradesh. In the district of Allahabad of Uttar Pradesh, species A, B and C were sympatric with the predominance of species B. Nevertheless, the malaria incidence was high (8.8%) where A and C were sympatric. Our study also confirms their findings in all the districts with high malaria incidence. In a malaria endemic region of northwestern Orissa, a longitudinal study carried out by Nanda et al. (1996) revealed an SPR of 45% for forested areas, which was significantly higher than that for the non-forested areas (27%). In the district of Sundargarh, Sharma et al. (2006) also observed malaria incidences of 14% and 1.7% for the forested and plain areas, respectively, which have a prevalence of species C (38% and 45%, respectively) along with An. fluviatilis S in forested areas. We also observed a sympatric association between sibling species of An. culicifacies s.l. and An. fluviatilis s.l. in six of the surveyed districts, similar to the results of the study of Subbarao et al. (1992) . In the districts of Nayagarh, Khurda, Dhenkanal, Keonjhar, Ganjam and Angul, both An. culicifacies s.l. and An. fluvatilis s.l. were sympatric. However, in these districts the sibling species S and T of An. fluviatilis s.l. were sympatric. In contrast, Sharma et al. (1995) found T and U of An. fluviatilis s.l. to be sympatric in their studied villages.
The prevalence percentages of vector species of An. culicifacies s.l. (A, C and D) and An. fluviatilis S in the forested districts (Nayagarh, Khurda, Ganjam, Dhenkanal, Keonjhar and Angul) were > 50%, with SPRs greater than 5%. In the non-forested coastal districts, Puri and Jagasingpur, the prevalences of these species were < 20%, with lower SPRs (< 1%).
From this study, it is apparent that the wide variations of malaria prevalence seen in the studied districts were due to differential sympatric associations of sibling species of An. culicifacies s.l. and An. fluviatilis s.l. The presence of An. fluviatilis S in association with An. culicifacies A, C and D might be primarily responsible for the high endemicity of malaria in the forested districts. The low prevalence of malaria in the coastal districts may be due to the presence of a single vector species, i.e., An. culicifacies C (31%).
The sibling species of An. culicifacies are distinctly different in their vectorial capacity, responsiveness to insecticides and rate of the development of resistance (Barik et al. 2009 ). Therefore, there is a need to generate data on the transmission intensity in varied eco-epidemiological settings to guide malaria control operations. It is established that species B is a non-vector (Subbarao et al. 1999) . Therefore, it is suggested to have stratification based on the distribution of sibling species An. fluviatilis s.l. and An. culicifacies s.l., with special emphasis on delimiting areas predominated by non-vectors, such as An. culicifacies B and lacking An. fluviatilis S. The present study surmises the distribution, prevalence and vectorial capacity of the sibling species of two predominant vector species complexes of this highly malaria-endemic region and the findings have significance for malaria control in the state and elsewhere.
